BACKGROUND: Recurrence after >5-year disease-free survival affects one-fifth of breast cancer patients and is the clinical manifestation of cancer cell reactivation after persistent dormancy. METHODS: We investigated cellular dormancy in vitro and in vivo using breast cancer cell lines and cell and molecular biology techniques. RESULTS: We demonstrated cellular dormancy in breast cancer bone metastasis, associated with haematopoietic stem cell (HSC) mimicry, in vivo competition for HSC engraftment and non-random distribution of dormant cells at the endosteal niche. Notch2 signal implication was demonstrated by immunophenotyping the endosteal niche-associated cancer cells and upon coculture with sorted endosteal niche cells, which inhibited breast cancer cell proliferation in a Notch2-dependent manner. Blocking this signal by in vivo acute administration of the γ-secretase inhibitor, dibenzazepine, induced dormant cell mobilisation from the endosteal niche and colonisation of visceral organs. Sorted Notch2 HIGH breast cancer cells exhibited a unique stem phenotype similar to HSCs and in vitro tumour-initiating ability in mammosphere assay. Human samples confirmed the existence of a small Notch2 HIGH cell population in primary and bone metastatic breast cancers, with a survival advantage for Notch2 HIGH vs Notch2 LOW patients. CONCLUSIONS: Notch2 represents a key determinant of breast cancer cellular dormancy and mobilisation in the bone microenvironment.
BACKGROUND
Tumour recurrence after a long disease-free time unveils the existence of a subpopulation of tumour cells that becomes quiescent and undergoes dormancy. The concept of tumour dormancy implies a prolonged asymptomatic period in which the cancer cells cease to proliferate until a triggering stimulus causes them to regain their function. 1 Given the high mortality rate of tumour relapse, cancer dormancy is of great clinical importance and needs thorough investigation.
In breast carcinomas, disseminated tumour cells are usually directed to one of the most common metastatic sites, the bone. 2, 3 Clinical evidence shows that approximately 20% of breast cancer patients who are apparently healed by successful therapies may relapse in the bone up to 15 years later. 4 Moreover, according to previous reports from our group and others, [5] [6] [7] in their metastatic process breast cancer cells may transit through the bone before spreading to other organs. The bone marrow is a very dynamic organ in which highly demanding processes, such as haematopoiesis and bone remodelling, take place. Consequently, inside the bone marrow cavity, neoplastic cells are nourished by a plethora of signals received by the osteogenic and the haematogenous microenvironments. In most cases, these signals stimulate tumour cell growth and enhance aggressiveness. 8 Intriguingly, inside this dynamic organ, there are the long-term haematopoietic stem cells (LT-HSCs), characterised by multipotent stemness and prolonged quiescence, reminiscent of dormancy.
Under physiological conditions, LT-HSCs are located in specific areas of the bone marrow adjacent to the trabecular bone, interacting with the HSC niche. 9, 10 HSC niches have been identified in the endosteal region and in the perivascular/vascular region. According to some reports, LT-HSC quiescence in the endosteal niche is supported by a specific subpopulation of osteoblast-like cells lining the endosteal surface of the trabecular bone, named spindle-shaped N-cadherin
− osteoblasts (SNOs). 11 However, others ruled out the involvement of this osteoblast subpopulation in LT-HSC maintenance. 12 SNO cells, which were first described in 2003, 9 make up a small proportion of cells positioned at the endosteal surface. SNOs induce the quiescent status of LT-HSCs via cell-to-cell contact and paracrine signals, impeding their exhaustion. 13 In a previous study, it was observed that bone marrow LT-HSCs drastically diminish in number with the depletion of osteogenic cells, confirming the importance of their co-existence. 14 In line with these observations, we hypothesised that the cancer cells entering the bone and becoming dormant would be subjected to the same environmental cues as LT-HSCs, sharing similar stemness properties and niche interactions. Hypothetically, a subpopulation of cancer cells that develop the ability to exploit the LT-HSC niche to become quiescent could have a survival advantage, being less sensitive to the host immune response and/or to cytotoxic treatments that mostly impinge actively dividing cells. In support of this theory, conventional chemotherapy is not effective on dormant breast cancer cells. 15 Furthermore, it has been observed that disseminated cancer cells can mimic the communication of HSCs with the surrounding bone marrow stem cell habitat using various pathways, including Jagged1, thus maintaining their non-proliferative status 16, 17 until signals trigger their mobilisation. A crucial role in the communication of LT-HSCs with SNOs is played by the Jagged1 partner, Notch. In mammals, four types of Notch exist, Notch1-4, which all interact with ligands from the Delta and Jagged1 family. 18 Intriguingly, Jagged1 expressed by endosteal cells has been shown to play a role in the bone colonisation by cancer cells. 19 Most importantly, the Notch pathway accounts for the development of HSCs during embryogenesis, 20 as well as for the stem cell maintenance of normal self-renewing or malignant stem cells. 21, 22 Based on this background information, we hypothesised that the mechanisms driving the cell cycle arrest of breast cancer cells near the endosteal niche are similar to the mechanisms inducing the non-proliferating status of LT-HSCs. We focussed on the Notch signalling pathway hypothesising that this is one of the main drives of breast cancer cellular dormancy, mobilisation and stemness in the bone marrow. Table 1 ).
METHODS

Animals
Human samples Archive human primary breast cancers and bone metastases were employed for immunohistochemical studies. The procedures were approved by the Institutional Ethical Review Board of the University of L'Aquila.
Primary osteoblast cell isolation Murine osteoblasts were isolated from the calvarias of 7-10-dayold CD1 mice. Calvarias underwent 3 steps of incubation at 37°C with a digestion solution containing trypsin (SAFC Biosciences, cat: 85450 C) (25 mg/ml) and clostridial collagenase (Sigma-Aldrich, cat: C8051) (1 mg/ml) in Hanks' Balanced Salt Solution (EuroClone, cat: ECB4007L). Cells from the second and third digestions were osteoblast enriched.
Breast cancer cell culture Human breast cancer cell lines (MDA-MB-231, luciferase-or turboGFP-transfected MDA-MB-231 and MCF-7) and mouse breast cancer cell lines (4T1) were used for all experiments. The cells were maintained in high glucose Dulbecco's Modified Eagle Medium (DMEM, EuroClone, cat: ECB7501L) with the addition of 1% glutamine and penicillin-streptomycin (Euroclone, cat: ECB3001D).
The medium contained 10% foetal bovine serum (Life Technologies, cat: 26140-079) as provision of nutrients.
Notch silencing TurboGFP-positive breast cancer cells were transfected with small interfering RNAs (siRNAs) against human Notch1-4 (Dharmacon, smartpool, cat: L-007771-00-0005, L-012235-00-0005, L-011093-00-0005 and L-011883-00-0005) at concentrations of 25 (Notch1 and Notch3) or 50 nM (Notch2 and Notch4) or with scrambled (SCR) siRNA as control (Dharmacon, smartpool, cat: D-001810-10). Notch downregulation was evaluated by real-time reverse transcriptase-polymerase chain reaction (RT-PCR) after 48 h of silencing. Transfected cells were then detached without the use of proteolytic agents and seeded onto SNOs or NON-SNOs. After 1 h, unbound cancer cells were removed by extensive wash in phosphate-buffered saline (PBS) and bound cells were counted under an epifluorescence microscope. Counting was then repeated at 24, 48 and 72 h and results were expressed as fold change vs 1 h count.
Vital cell labelling MCF-7 or 4T1 cell suspensions and murine HSCs were incubated with the stable membrane interlinker, PKH67 (Sigma-Aldrich, cat: MIDI26 or MIDI67), fluorescing in red (λ 567 nm) or fluorescing in green (λ 488 nm) respectively, following the manufacturer's instructions, or labelled with the CMFDA (CellTracker™ Green CMFDA Dye, ThermoFisher cat: C2925).
RNA extraction and real-time RT-PCR RNA was extracted using TRIzol® (Life Technologies, cat: 15596018) according to the manufacturer's instructions. Quality control was performed by agarose gel electrophoresis. RNA was quantified by Nanodrop®, using an absorbance of 260 nm wavelength. RNA purity was assessed by evaluation of 260/280 nm wavelength ratio. Two μg of RNA was retro-transcribed into cDNA using a cDNA synthesis Kit (ThermoFisher cat: K1622). Realtime PCR was carried out using Sybr/Hi-Rox Sensimix (Bioline, cat: QT605-05) and primer pairs for the specific genes of interest (Supplementary Table 2 ), using the housekeeping gene GAPDH as a normalisation control.
Protein extraction and Western blot Western blot analysis was used to detect protein expression in breast cancer cells. Cells were lysed in standard RadioImmunoPrecipitation Assay (RIPA) buffer (1 M Tris/HCl, pH 7.4, 1 M NaCl, Nonidet P-40, 10% sodium deoxycholate, 0.5 M ethylenediamine-tetra-acetic acid (EDTA), pH 8, 0.1 M NaF, 20 mM Na 3 VO 4 , dH 2 0, 0.1 M PMSF) containing 1% protease inhibitor cocktail (Sigma-Aldrich; cod: P8340) and 10 μM sodium fluoride. Protein concentration was quantified using the Bradford assay. Total protein lysate (50 μg) was resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (BioRAD, UK), immunoblotted with primary antibody for Notch2 (Santa Cruz Biotechnology cat: sc5545) or β-actin (Santa Cruz Biotechnology cat: sc47778) at a 1:200 dilution, overnight at 4°C, detected by horseradish peroxidase (HRP)-conjugated secondary antibodies (all at 1:1000 dilution, Santa-Cruz Biotechnology) and enhanced chemiluminescence (Thermo Scientific, cat: 34080) on a ChemiDoc® imaging system (Bio-Rad).
Flow cytometry Cells were detached and suspended in sterile sorting buffer containing 5% bovine serum albumin (BSA) (Sigma-Aldrich, cat: A2153) and 0. To obtain HSC-enriched population, bone marrow was isolated from forelimbs and hindlimbs of 2-month-old female mice. Cells underwent a double sorting by MACS for depletion of lineageassociated antigens and enrichment of stemness marker. The total population of cells was incubated with a cocktail of biotinylated antibodies against the antigens CD5, CD45R, CD11b, Gr-1, and Ter-119, in order to deplete mature haematogenous cells (Miltenyi Biotec, cat: 130-090-858). Afterwards, the lineage-negative subpopulation was incubated with anti-Sca-1 (Miltenyi Biotec, cat: 130 092 529) antibody and run through the column to obtain a Lin − /Sca-1 + HSC population.
Primary and secondary mammosphere-formation assay Single-cell suspensions of sorted Notch2 HIGH or Notch2 LOW MDA-MB-231 cells were seeded into non-adhesive Petri dishes at a density of 10 3 /ml in serum-free DMEM, supplemented with 1% N2, 1% B27 (Life Technologies, cat: 17502048, 17504044), 1% penicillin/ streptomycin and 1% L-glutamine. Growth was permitted for 1 week in a humidified CO 2 incubator (5% CO 2 , 37°C). For secondary formation assays, primary mammospheres were trypsinised to obtain single-cell suspensions and plated under the same conditions. Counting and imaging was performed using the SXView Software.
Alkaline phosphatase (ALP) staining Osteoblasts were fixed with 4% paraformaldehyde (PFA) (BioOptica, cat: 05-K01022) and stained for ALP activity (Sigma-Aldrich Kit cat: n86C-1KT), according to the manufacturer's instructions.
Matrix mineralisation assay Primary osteoblasts were cultured in DMEM with 50 μg/ml L-ascorbic acid (Sigma-Aldrich, cat: 1000528199) and 10 mM β-glycerophosphate (Sigma-Aldrich, cat: G-8501 5 /0.01 ml PBS) and anaesthetised with intraperitoneal injection of 80 mg/kg of ketamine and 10 mg/kg of xylazine, using standard procedures. 25 Animals were monitored daily for body weight, behaviour, and survival. Weekly, mice were also subjected to deep anaesthesia and X-ray analysis (peak kilovoltage [kVp] = 36 kV for 10 s) using a Cabinet X-ray system (Faxitron model no. 43855A; Faxitron X-Ray Corp., Buffalo Grove, IL, USA) to follow the onset and progression of osteolytic lesions. Bioluminescence evaluation was performed with the Aequoria Hamamatsu system C4742-98 to monitor tumour growth. At the end of the experiment, mice were euthanised and subjected to final X-ray analysis and anatomical dissection for evaluation of bone and visceral metastases, respectively.
In vivo competition assay Five-week-old female immunocompromised CD1 nu/nu mice or immunocompetent Balb-c mice were sub-lethally myeloablated with 100 mg/kg cyclophosphamide and 35 mg/kg bisulfan for 3 consecutive days. After further 3 days, a constant number of HSCs (50,000 cells/mouse) labelled with the red PKH26 (HSC redPKH26 ) were co-injected into the tibia medullary cavity along with increasing numbers of either MDA GFP or 4T1 greenPKH67 cells (Sigma-Aldrich, cat: MIDI67). After 1 week, bone marrow cells were recovered, and flow cytometry was used to determine the number of HSC redPKH26 in the bone marrow.
Micro-computed tomography Images from tibias fixed in 4% PFA were acquired in a SkyScan 1174 with a resolution of 6 μm (X-ray voltage 50 kV). Skyscan Nrecon software was used to employ the Feldkamp algorithm to reconstruct the images. Three-and two-dimensional (3D and 2D, respectively) morphometric parameters were calculated for the trabecular bone. Segmentation of the bone was conducted using threshold values corresponding to bone mineral density values of 0.6 cm 3 calcium hydroxyapatite. Marching cube-type models with a rendered surface formed the basis of the 3D parameters. 2D areas were calculated using the Pratt algorithm. Bone structural variables and nomenclature were followed as suggested by Bouxsein et al. 26 Histology Bone samples were decalcified for 48 h in Osteodec (Bio-Optica, cat: 05-03005E) and embedded in paraffin using the automatic paraffin embedder (Leica, TP1020). Soft organs, such as the liver and lungs, were directly embedded in paraffin. Microtome sectioning was used to obtain tissue slices of 5-µm thickness. Cells and tissue sections were labelled with antibodies against human pan-cytokeratin AE1/AE3, N-cadherin, Notch2 and Ki-67 [Santa Cruz Biotechnology, catalogue numbers, cytokeratin (sc81714), N-cadherin (sc7939), N-cadherin (sc310209), Notch2 (sc5545), Ki-67 (sc7846); Miltenyi Biotech, Notch2-Biotin (130-096-980); Novus, N-Cadherin (48309PE)], dilution 1:100-1:200, either singularly or in combinations as double, triple or quadruple immunofluorescences or stained with haematoxylin and eosin. For both cells and tissue samples, primary antibody incubations were carried out at room temperature for 1 h, then overnight at 4°C, followed by secondary incubations for 1 h at room temperature with the corresponding secondary antibody at dilution 1:500 [λ 488 nm chicken anti-mouse (Life Technologies A21200), λ 594 nm goat anti-rabbit (Invitrogen by ThermoFisher Scientific, A11012), λ 405 nm streptavidin conjugate (Life Technologies, S32351), λ 488 nm Goat anti-mouse (Invitrogen by ThermoFisher Scientific, A11001), λ 594 nm rabbit anti-goat (Life Technologies, A11080)]. Immunofluorescence quantification was done using the Fiji® by Image-J software.
Immunohistochemistry
Mouse bone samples and human primary breast cancers and bone metastases were deparaffinised and incubated with 0.07 M citrate buffer (pH 6) for 15 min at 98°C or processed in acid unmasking buffer for antigen retrieval, then treated with 3% H 2 O 2 and incubated overnight at 4°C with the anti-Notch2 antibody (Santa Cruz Biotechnology, cat: sc5545) or for 1 h at room temperature with the human pan-cytokeratin AE1/AE3 antibody (DAKO, cat: M3515). The staining signals were revealed using the Dako LSAB+ System-HRP (DAKO, cat: k0679). Slides were counterstained with Mayer's haematoxylin (Sigma-Aldrich, cat: GHS332). Positive and negative controls were performed in parallel.
Histomorphometry Bone sections, obtained from the different experimental settings, were stained using either commercial or clinically validated antibodies for detecting the breast cancer cells (human pancytokeratin AE1/AE3 DAKO®, cat: M3515, human pan-cytokeratin AE1/AE3 Santa Cruz Biotechnology, cat: sc-81714). The area of analysis was the tibial secondary spongiosa region (4 mm 2 in area, 50 µm away from the growth plate and 20 µm away from the endocortical surface). Three to five non-consecutive tibia sections were analysed for each mouse, and the number of breast cancer cells/tissue area and their distance from the closest endosteal surface were recorded.
Liver sections obtained from the different experimental settings were stained with haematoxylin and eosin. Three non-consecutive sections were analysed for each liver, with an area of analysis/ section >1 cm 2 . Sections presenting metastases were displayed in the graphs and evaluated for metastasis number/mm 2 and for the percentage of metastasis area over total tissue area.
Evaluation of serum interleukin (IL)-6 concentration Enzyme-linked immunosorbent assay (ELISA) was performed on murine blood serum to quantify the levels of IL-6. The protocol was carried out according to the instructions provided in the kit (Ray-Bio, cat:622168007).
Statistical analyses
Results are expressed as the mean ± SD. Sample size is indicated in the figure legends. Groups' comparisons were performed carrying out independent samples t tests and one-way analysis of variance when dealing with continuous parameters. To avoid issues with Gaussian as well as homoscedasticity assumptions, small sample size comparisons were performed by Mann-Whitney and Kruskal-Wallis tests. First type error was set at 5%. An important need of our study was to assess the emergence of a distributional pattern of the cancer cells in the bone marrow, i.e. the lack of positional randomness. We modelled a random spot distribution of the bone cell distances, choosing a uniform distribution. A comparison between the random distances generated and the experimental distances was performed using Kolmogorov-Smirnov test. Cumulative frequency distributions were analysed also using Kolmogorov-Smirnov test. The statistical methods are indicated in the figure legends and the p values are indicated in the figures.
RESULTS
Isolated breast cancer cells and the endosteal neighbourhood
Basal-like, oestrogen receptor-negative and highly osteotropic human breast cancer cell line, MDA-MB-231, stably transfected with turboGFP (MDA GFP ), were injected into the tibia medullary cavity of 5-week-old female immunocompromised CD1 nu/nu mice. Groups of mice were sacrificed after 1 h to 30 days from injection, and breast cancer cell localisation was traced by immunohistochemistry for human cytokeratin. Results demonstrated that the number of isolated cytokeratin-positive breast cancer cells (MDA CYTK ) nearby the endosteal surface increased progressively, reaching a plateau 7 days after cell injection (Fig. 1a, b) .
Since the endosteal location is known to host LT-HSCs, 10,11,27 we investigated whether these two cell types competed for bone marrow HSC engraftment in an in vivo competition assay. Therefore, a constant number of mouse HSCs (50,000 cells/mouse tibia) labelled with red PKH26 (HSC redPKH26 ) were co-injected with increasing numbers of MDA GFP cells into the tibia medullary cavity of 5-week-old female immunocompromised CD1 nu/nu mice sublethally myeloablated with low doses of cyclophosphamide (100 mg/kg) and busulfan (35 mg/kg) for 3 consecutive days. After 1 week from the injection, which is the time when single tumour cell localisation adjacent to the endosteal surface reached the plateau (Fig. 1b) , bone marrow cells were recovered, and flow cytometry was used to determine the number of HSC redPKH26 in the bone marrow. Results revealed a statistically significant inverse correlation between the number of breast cancer cells co-injected and the number of engrafted HSCs (Fig. 1c) . Similar result was obtained using mouse HSC redPKH26 and the mouse luminal-like, oestrogen receptor-negative, breast cancer cell line 4T1 greenPKH26 ( Supplementary Fig. 1a ).
In vivo model of breast cancer dormancy To establish an in vivo model mimicking breast cancer dormancy in the bone, mice were injected with MDA-MB-231 cells, transfected with the reporter gene, luciferase (MDA LUC ), into the tibia medullary cavity of 5-week-old female immunocompromised CD1 nu/nu mice. Mice were monitored for the development of osteolytic lesions by X-ray imaging and for tumour growth by bioluminescence. Those that did not show overt signs of disease after a timeframe of 30 days were assumed to be positive for dormancy ( Supplementary Fig. 1b, c ). In agreement with our hypothesis, in tibias dissected from these mice, immunofluorescence for human cytokeratin revealed single MDA CYTK localised adjacent to the bone surface (Fig. 1d) . For statistical purpose, mathematical modelling was used to create a virtual random spot disposition inside the bone marrow and the distances of single MDA CYTK from the endosteal surface were compared with the distances of 300 random spots. Cumulative frequency distribution analysis and Kolmogorov-Smirnov test demonstrated that the distribution of single breast cancer cells in the bone marrow was not random and that the area nearby the bone endosteum was their preferred site (Fig. 1e) . Given that only isolated, outwardly non-proliferating tumour cells were lodged near the endosteum after 30 days from cell injection in mice not bearing overt tumours, we considered this a reliable in vivo model of breast cancer cellular dormancy.
Endosteal niche and SNOs Interestingly, the endosteal regions of the "dormancy mouse model" selectively lodged by single MDA CYTK cells were enriched in SNOs located at the bone surface (Fig. 1f) . Given the role proposed to be played by SNOs in LT-HSC quiescence 9 and the observation that only single tumour cells were lodged in their vicinity, we postulated that SNOs could contribute to breast cancer cellular dormancy.
To demonstrate our hypothesis, we first immunophenotyped the SNOs exploiting their high expression of N-cadherin. SNOs were detected in calvarial osteoblast primary cultures and represented <10% of the total population (Fig. 1g, h ). MACS was then used to purify SNOs from the N-cadherin LOW osteoblast population (NON-SNOs). The phenotyping of SNOs confirmed that they were N-cadherin HIGH and spindle shaped (Fig. 1i) . Intriguingly, they appeared to be less differentiated than NON-SNOs, with lower ALP activity and decreased mineralisation capacity (Fig. 1i) . Furthermore, the mRNA expression of the osteoblast-specific markers, Osterix, Runx2, Collagen 1a1, Collagen 1a2 and Osteocalcin, was significantly lower in SNOs vs NON-SNOs (Fig. 1j ). SNOs were also less proliferating (Fig. 1k) and less metabolically active ( Supplementary Fig. 1d ), and the cytoskeletal organisation showed a patchy microfilament array not typical of the osteoblast lineage 28 ( Supplementary Fig. 1e ). Moreover, SNOs expressed high levels of Jagged1, a ligand for the Notch receptors, known to be involved in LT-HSC quiescence (Fig. 1l, m) . (Fig. 2a) . Accordingly, MDA GFP cell clones appeared to be 70% fewer in numbers after 24 h of co-cultures with SNOs (Fig. 2b) . Ki-67 staining further confirmed an SNO-mediated impairment of cancer cell proliferation (Fig. 2c) .
The 4T1 breast cancer cells displayed a behaviour similar to MDA GFP cells. They were stained with red PKH26 and expected to lose this stable membrane dye during cytokinesis ( Supplementary  Fig. 2a ). As anticipated, 4T1 redPKH26 cells co-cultured with NONSNOs showed a reduction in the red fluorescent signal that was not observed in 4T1 redPKH26 interacting with SNOs ( Fig. 2d ), suggesting that 4T1 on SNOs were proliferating more slowly. The proliferation marker, Ki-67, was also lower in 4T1 cells seeded onto SNOs (Fig. 2e) . Instead, no significant inhibition in proliferation was observed in the co-cultures of the luminal A-type, oestrogen receptor-positive, poorly aggressive human breast cancer MCF-7 cells, labelled with the vital fluorescent dye CMFDA (MCF-7 CMFDA ), with SNOs ( Supplementary Fig. 2b ), suggesting that SNO-induced quiescence is a selective and specific occurrence, likely associated with poor-prognosis breast cancers.
Notch2 signalling
The high expression of Jagged1 in SNOs prompted us to investigate the relevance of the Jagged1 partner proteins, Notch, in the mechanism of breast cancer cellular dormancy. Single-cell analysis using confocal imaging was performed for all the Notch proteins and revealed that they were more highly expressed on the surface of MDA GFP cells bound to SNOs, with the strongest expression observed for Notch2 (Fig. 2f, Supplementary Fig. 2c ). The same analysis, performed on HSCs from the total bone marrow of 4-week-old CD1 mice, confirmed the Notch1, 2 and 3 proteins to be more expressed in the HSCs vs the HSC-depleted cell population (Supplementary Fig. 2d ).
To investigate the functional relevance of the Notch proteins on the SNO-mediated dormancy, we silenced their mRNAs individually in MDA-MB-231 cells (Supplementary Fig. 2e ) and analysed cell proliferation after seeding on SNOs during the subsequent time course of 24-72 h (Fig. 2g) . This analysis demonstrated that silencing Notch2 and Notch1 reversed the SNO-mediated inhibitory effect on proliferation, with the Notch2 downregulation effect resulting more potent than the downregulation of Notch1. Accordingly, the pan-Notch inhibition using the γ-secretase blocker, dibenzazepine (DBZ), rescued the SNO-mediated dormancy of MDA GFP cells (Fig. 2h) . Interestingly, MCF-7 cells, whose proliferation was not affected by their interaction with SNOs (see Supplementary Fig. 2b ), did not express Notch2 ( Supplementary  Fig. 2f ), indirectly supporting a role of this pathway in the SNOmediated dormancy process. These results prompted us to narrow down our investigation to the Notch2 pathway. Supplementary Fig. 2g-i) showed stem features reminiscent of the HSC phenotype. Our analysis showed that they expressed high levels of mRNA for the HSC markers Stem Cell Antigen1 (SCA1), TEK Receptor Tyrosine Kinase (TIE2), CD34 and C-X-C Motif Chemokine Receptor 4 (CXCR4) (Fig. 2i) , and flow cytometry revealed that the MDA GFP Notch2 HIGH cell population was enriched in surface CD34, c-kit and Notch1 proteins (Fig. 2j-l) , while the same markers were poorly expressed in the MDA GFP Notch2 LOW cell population (Fig. 2j-l) . Taken together, these results suggest that dormant MDA-MB-231 cells mimic HSCs not only by using endosteal niche signals for quiescence but also maintaining a stem phenotype, possibly indispensable to initiate new tumours after reactivation. Of note, despite their lower proliferation in standard 2D cultures ( Supplementary Fig. 2j, k) , Notch2 HIGH cells kept the stem cell phenotype and were able to initiate both primary (Fig. 2m-o) and secondary (Fig. 2q, r) mammospheres. Moreover, mammospheres from the Notch2 HIGH cells were more numerous (Fig. 2n, q) and larger (Fig. 2m, o, p, r) than mammospheres generated by Notch2 LOW cells. Intriguingly, dormant MDA-MB-231 cell did not belong to the CD44 HIGH / CD24 -/LOW breast cancer stem cell population (Fig. 2s) .
Phenotypic characterisation of Notch2 HIGH breast cancer cells Flow cytometry performed on MDA GFP cells revealed that the Notch2 HIGH variant belonged to a side population in the SSC/FSC plot (Fig. 3a) and represented 1-5% of the total cell population (Fig. 3b) . This observation was confirmed in MDA GFP cells sorted by MACS (Fig. 3c) . Accordingly, immunofluorescence for Notch2 in histological sections of mouse tibias bearing MDA-MB-231 tumours revealed only a small percentage of MDA GFP cells to be Notch2 HIGH (Fig. 3d) . Similar results were obtained in the tibias of immunocompetent female Balb/c mice injected with 4T1 cells. However, owing to the potent aggressiveness of 4T1 cells, all mice developed Supplementary  Fig. 3a-d) . Nevertheless, we observed that single cytokeratinpositive 4T1 cells lying near the N-cadherin-positive endosteal osteoblasts ( Supplementary Fig. 3e ) were also Notch2 HIGH (Fig. 3e) , Notch2 pathway mediates breast cancer cellular dormancy and mobilisation. . . M Capulli et al.
N-cadherin-positive osteoblasts, suggesting the in vivo reproducibility of our in vitro results. Importantly, these tumour cells were negative for the proliferation markers Ki-67 (Fig. 3f ) and phosphoHistone H3b (p-HH3) ( Supplementary Fig. 3f ), confirming their cell cycle arrest. Of note, these tumour cells were also N-cadherin positive (Fig. 3e, f) , suggesting a possible homophilic N-cadherinmediated interactions with SNOs to occur. Finally, in vitro treatment of MDA-MB-231 cells with recombinant Jagged1-Fc, used to activate the Notch pathway ( Supplementary Fig. 3g ), modulated other markers of dormancy ( Supplementary Fig. 3h-j) , evaluated according to Johnson et al. 29 Resistance to chemotherapy Since resistance to chemotherapy is a hallmark of dormant cancer cells, we tested whether single MDA-MB-231 cells were still lodging in the endosteal area after treatment with doxorubicin ( Supplementary Fig. 3k ). Immunocompromised female Balb/c nu/ nu mice were subjected to intratibial injection of MDA-MB-231 cells and treated with 0.1 mg/kg doxorubicin every 2 days for 42 days. The treatment was effective in reducing the incidence (Supplementary Fig. 3l ) and the size (Supplementary Fig. 3m ) of osteolytic tumours in mice. Subsequently, immunofluorescence analysis revealed that in the tibia sections from the mice that did not develop tumours it was still possible to identify single MDA
CYTK
Notch2
HIGH cells close to N-cadherin-positive endosteal osteoblasts (Fig. 3g) .
Role of Notch2 in in vivo tumour growth In order to investigate the specific role of Notch2 in vivo, we MACS-sorted Notch2 HIGH and Notch2 LOW MDA-MB-231 cells and injected them into the tibia medullary cavity of immunocompromised female CD1 nu/nu mice (Fig. 3h) . After 6 weeks, mice injected with Notch2 LOW cells displayed a rapid and obvious weight loss (Fig. 3i) , with albeit no overt sign of cachexia. μCT analysis of bone volume over tissue volume (BV/TV) showed no changes in the tibias receiving the MDA LUC cells, thus ruling out the generation of osteolytic lesions (Fig. 3j) . In contrast, histological analysis of bones revealed a higher number of cancer cells in Notch2 LOW cell-injected mice (Fig. 3k) . To better investigate the cause of weight loss in MDA-Notch2 LOW cell-injected mice, which is normally unexpected when tumour cells are directly injected into the tibia medullary cavity, we examined anatomically the visceral organs, observing no macroscopic metastases. However, histological analysis of liver sections demonstrated that tumour cells spread to this organ forming microscopic multicellular metastases. We found that metastasis area and the number of foci were significantly higher in mice injected with Notch2 LOW vs Notch2 HIGH cells (Fig. 3l, m) . We ruled out that the tumour growth in the liver was due to initial accidental seeding of tumour cells in this organ because the expression of the human ALU sequences after 1 h of intratibial injection was undetectable ( Supplementary Fig. 3n ). Altogether, these results confirmed both the relevance of the Notch2 pathway in the cellular dormancy and the role of the bone in the metastatic dissemination of breast cancers to vital visceral organs.
Notch inhibition
To address the relevance of the Notch pathway in the in vivo breast cancer cellular dormancy and subsequent mobilisation, we tested whether acute Notch inhibition could reactivate the dormant breast cancer cells in our model of dormancy. After 4 weeks of in vivo dormancy (intratibial injection of MDA LUC cells and absence of osteolytic lesions and bioluminescent signal), mice were randomised and divided into two groups. One group received a single acute injection of 4.28 mg/kg of the γ-secretase inhibitor DBZ, 30 while the other group was treated with the vehicle (dimethyl sulfoxide) and used as a control (Fig. 4a) . Our hypothesis was that acutely blocking the Notch signalling, by disrupting the γ-secretase activity, could destroy the interaction between SNOs and dormant breast cancer cells, mobilising and reactivating the latter. DBZ treatment was indeed effective in downregulating the Notch signalling as demonstrated by the reduced expression of the Notch downstream genes, HRT1 and HES1 ( Supplementary Fig. 4a-c) .
In the timeframe of 2 months after the DBZ treatment, we did not observe overt tumours, neither in the bone nor in the visceral organs ( Supplementary Fig. 4d ), and noted no significant changes in body weight (Fig. 4b) . Accordingly, analysis of osteolysis using ex vivo μCT further confirmed no differences between the two groups (Fig. 4c, d) . However, histomorphometric evaluation of the tibias showed that the breast cancer cell distance from the bone was significantly increased by the single DBZ treatment (Fig. 4e, f) . Consequently, the number of breast cancer cells nearby the endosteal niche decreased (Fig. 4g) , while the mean number of breast cancer cells per bone marrow area was not changed (Fig. 4h) . Tumour cell distribution analysis confirmed that the acute Notch inhibition significantly altered the in vivo distribution of breast cancer cells in the bone marrow, inducing their mobilisation from the endosteal niche (Fig. 4i) . Notably, the histological analysis of distal colonisation of the liver revealed that the number of detectable multicellular metastases, as well as their size, were increased by the acute DBZ treatment (Fig. 4j, k) , suggesting mobilisation from the bone and tumour-initiating ability of reactivated cells in distant organs.
To examine whether chronic Notch inhibition could instead stimulate the local occurrence of osteolytic lesions, a similar a, d, g ) Non-linear regression fitting and F-test, (b, c, e, f, h, i, n, q) two tails' unpaired t test (o, r) Gaussian curve regression fitting and F-test experiment was conducted treating mice with 4.28 mg/kg DBZ 5 times/week for 5 weeks (Supplementary Fig. 4e ). Even with this chronic experimental setting, no osteolytic lesions appeared in DBZ-treated mice ( Supplementary Fig. 4f, g ), remarking that Notch inhibition could play an important role in the induction of dormant cell mobilisation and their exit from the bone microenvironment. These results might support the concept that interference with Notch-mediated dormancy/mobilisation does HIGH and Notch2 LOW MDA LUC injection in 5-week-old female immunocompromised CD1 nu/nu mice. i Mouse body weight measured 6 weeks after cancer cell injection. j Micro-computed tomographic analysis of bone volume over total tissue volume (BV/TV) in tibias injected with tumour cells. k Immunofluorescent human cytokeratin area over tissue area, l percentage of metastatic area over total tissue area and m number of multicellular metastases per mm 2 in the histological sections of livers collected from the mice intratibially injected with tumour cells shown in i and j. Imaging and data (mean ± SD) represent the results of at least four mice/group or three independent in vitro experiments. Statistical analyses: two tails' unpaired t test not stimulate tumour growth in the bone environment but rather favours life-threatening long-distance recurrence.
Role of inflammation
With the aim to broaden our findings and identify common pathological conditions that could potentially reactivate dormant breast cancer cells, we investigated the effects on dormancy of acute and chronic inflammation. After 4 weeks of dormancy (intratibial injection of MDA LUC cells and absence of osteolysis and bioluminescence signal), we treated mice with a single injection of vehicle (PBS) or 1.25 mg/kg lipopolysaccharide (LPS), shown to induce an acute systemic inflammatory response ( Supplementary Fig. 5a-f ). In the timeframe of 2 months after the LPS treatment ( Supplementary Fig. 5g ), we did not observe overt tumours, neither in the bone nor in the visceral organs. Accordingly, a fine analysis of osteolysis using ex vivo μCT further confirmed no differences between the two groups ( Supplementary Fig. 5h ). In this model, histomorphometric evaluation of MDA CYTK distance from the bone did not show significant differences between the two treatments (Fig. 5a) . Similarly, the number of MDA CYTK in the endosteal niche remained unchanged (Fig. 5b) , although we found a decreased mean number of MDA CYTK per total bone marrow area (Fig. 5c ). Tumour cell distribution analysis revealed that the acute inflammation failed to alter the in vivo territorial lodging of MDA CYTK in the bone marrow (Fig. 5d) . Analysis of distal colonisation revealed that the number of liver metastases, as well as their size, was not changed by the treatment (Fig. 5e, f) .
Subsequently, we tested whether chronic pro-inflammatory treatment could reactivate cells after 4 weeks of dormancy. Mice with breast cancer dormancy were randomised and divided into two groups, each receiving a daily injection of vehicle (PBS) or 0.25 mg/kg of LPS (Supplementary Fig. 5i ). In the timeframe of 2 months of chronic LPS treatment, we did not observe overt tumours, neither in the bone nor in the visceral organs. In this model, histomorphometric evaluation of MDA CYTK distance from the bone also did not show significant differences between the two treatments (Fig. 5g) . Similarly, the number of MDA CYTK near the endosteum was not changed (Fig. 5h) . However, we found an increased number of total MDA CYTK per bone marrow area (Fig. 5i) in agreement with the pro-tumour effect of chronic inflammatory stimuli. Tumour cell distribution analysis revealed that the chronic inflammation also did not alter the in vivo distribution of MDA CYTK in the bone marrow (Fig. 5j) . Distal colonisation revealed that the number of liver metastases was not changed by the treatment (Fig. 5k) , but their size was increased (Fig. 5l) .
Taken together, these results ruled out any effect of acute or chronic inflammation in the mobilisation of dormant breast cancer cells and initiation of new cancers, albeit confirming the known pro-tumour role of chronic inflammation.
Notch2 expression in human primary tumours and correlation with survival Using the SurvExpress software, 31 we enquired 23 data sets representing breast cancers from 3655 patients. Total population analysis showed a positive statistical correlation between high Notch2 levels and overall survival (Fig. 6a) . The KMplot® software 32 microarray data of another cohort of 1809 patients were also used to test the correlation between Notch2 and survival, which appeared to be positive when we analysed the full data set (Fig. 6b) , thus confirming the results obtained using the SurvExpress data set. Moreover, when we stratified patients according to the treatment, we found a positive correlation of Notch2 HIGH expression and survival in untreated patients (Fig. 6c ) and in patients receiving endocrine treatments (Fig. 6d) . Intriguingly, Notch2
HIGH was no longer correlated with a better prognosis under the selective pressure of chemotherapy (Fig. 6e) , in line with our in vivo observation that dormant Notch2
HIGH breast cancer cells are resistant to doxorubicin. However, it is important to note that the divergence of the curves appears in the first 5 years, therefore we cannot exclude that they were not also due to a different rate of tumour proliferation. Furthermore, when data were stratified for oestrogen receptor subtypes, we confirmed a significant and positive correlation between high Notch2 levels and overall survival in untreated patients with either oestrogen receptor-positive or -negative breast cancers (Fig. 6f, g ).
Finally, we investigated the expression of Notch2 in samples from a cohort of bone metastatic breast cancer patients both in primary tumours and matched bone metastases. We observed that in primary breast cancers Notch2 HIGH cells represented a small subpopulation (Fig. 6h) and that in human bone metastases they often lodged in the endosteal neighbourhood ( Fig. 6i and Supplementary Fig. 6 ).
DISCUSSION
This study provides a new understanding of breast cancer cellular dormancy and mobilisation processes in the bone microenvironment. Dormant tumour cells compete with HSCs for bone marrow engraftment and lodge close to the endosteal niche made up by N-cadherin-positive osteoblasts, also known as SNOs. 9 In this neighbourhood, they stay adjacent to the surface N-cadherinexpressing SNOs, likely by a homophilic interaction with their own N-cadherin and remain cell cycle arrested thanks to the Notch2 pathway. Disruption of this pathway reactivates dormant cells and appears to mobilise them, making their distance from SNOs significantly higher and inducing greater numbers of metastatic foci in the liver, likely through bone marrow tumour cell escaping into the circulation. In the timeframe of our experiments, such metastatic spreading induced a liver disease detectable only histologically, associated with 15% reduced body weight but not with overt cachexia, only in mice injected with Notch2 LOW cells, while mice treated with DBZ to inactivate the Notch signals showed normal body weight. One limitation of the study was that we were unable to demonstrate whether the lower body weight was caused by the metastatic spreading of Notch2 LOW cells, leaving this question unanswered.
Intriguingly, the role of the Notch pathway in tumour biology is very complex. Data in literature demonstrated that Notch1 and Notch3 are pro-oncogenic, [33] [34] [35] and recently it has been shown that gain of Notch2 copy number is associated with poor prognosis in metastatic triple-negative breast cancer. 36 In contrast, O'Neill et al. 37 provided evidence that Notch2 has a marked antitumour effect in MDA-MB-231 cells, which is in line with our observations. Furthermore, Notch and its receptors have been shown to be involved in heterotypic interactions triggering escape from tumour dormancy in a model of angiogenesis-dependent cancer dormancy. 19, [38] [39] [40] While these studies clearly indicate that Notch is a key regulator of tumour dormancy, they also suggest that the outcome of Notch activation could diverge in a contextdependent manner, ranging from positive to negative. This leads to the conclusion that Notch has multifaceted roles in tumour biology and that the positive or negative outcomes are likely to depend on a fine tuning of their balance.
According to our results, the endosteal niche could be considered the place where tumour cell dormancy takes place, followed by mobilisation to initiate a new tumour when the dormancy signals are disrupted. Therefore, tumour dormancy and initiation can be considered two sides of the same coin as the long-term initiation of a new tumour is the pathologic manifestation that dormancy occurred previously. 41 SNOs are known to induce LT-HSC quiescence through the Notch/Jagged pathway, 20 therefore our observations favour the hypothesis that dormant breast cancer cells show similarities with HSCs and share the same niche to remain cell cycle arrested. Furthermore, dormant cancer cells share with HSCs the expression of stem genes (e.g. SCA1, CD34 and c-Kit), 42 factors involved in their endosteal niche interaction (e.g. the members of the Notch family and Tie2) 18 and molecular mechanisms implicated in their mobilisation (e.g. CXCR4). 43 While the interaction with SNOs seems to be essential for dormancy, the expression of stem factors could be important for initiating new cancers when dormant cells are mobilised and reactivated. 1 A speculative view of our results could be that the occurrence of HSC mimicry of breast cancer dormant cells makes them suitable for long-term survival in the bone marrow and that the subsequent mobilisation could lead to metastatic spread. Furthermore, like HSCs, dormant cancer cells express a drug-resistant phenotype, which contributes to their survival when cancers are challenged by chemotherapy. Given the complexity of the concept, more work will be necessary to dissect the underlying mechanisms in detail.
Notch2 HIGH cancer cells are also observed in human breast carcinomas. They are already detectable in primary tumours, HIGH cancer cells are located near the endosteum. In these samples, we do not have dynamic observations that can predict the occurrence of cellular dormancy, which represent another limitation of the study. However, analysis of public data sets showed a better survival in patients bearing breast cancers expressing higher levels of Notch2, which was even more prominent in untreated patients or in patients treated with endocrine therapy. In contrast, the fact that this advantage is lost in patients after chemotherapy, suggests that drug-resistance may also be a hallmark of Notch2 HIGH cells in human breast cancers and that this selection can make the relapse more likely if any environmental condition mobilises and reactivates the dormant cells. Our experimental setting certainly correlated the disruption of the Notch signal with dormant cell mobilisation and colonisation of the liver. Interestingly, upon acute Notch signal disruption by DBZ, cancer cells appear unable to relocate near the endosteum, suggesting a persistent molecular change, perhaps also induced by signals emanated by the microenvironmental compartment apart from the endosteal surface. In contrast, both acute and chronic inflammation appear not to play a role in dormancy. However, in our experimental conditions, chronic inflammation increased the number of cancer cells in the bone marrow and the size of liver metastases, consistent with reports demonstrating the role of inflammation in cancer progression, 44 but this effect seems not to be exerted on the Notch2 HIGH cells resident near the endosteal niche.
The paucity of Notch2 HGH breast cancer cells observed in vitro, in vivo and in patients strengthens the notion that they can express a stem phenotype. In fact, stem cells represent a small fraction of cancer cells, 45 consistent with the featuring of rare mitosis, which provides self-renewal ability through asymmetric division, concurrently preventing cell exhaustion.
Interestingly, our Notch2 HIGH dormant cells did not express the typical stem phenotype known to characterise human breast cancer-initiating cells, CD44 high /CD24 −/low46 but rather expressed stem genes typical of HSCs. It is therefore possible that the dormant cancer phenotype we described in this study is associated with a unique HSC-like stem phenotype and that this combination is especially suitable for the long-term survival in the bone marrow. It should be noted that the phenotype we described is obvious in oestrogen receptornegative, human and mouse breast cancer cell lines, characterised by high aggressiveness and osteotropism. In contrast, we were unable to isolate Nocth2 HIGH cells from the luminaltype A, oestrogen receptor-positive cell line, MCF7 47 nor did we observe specific in vitro inhibition of their proliferation by SNOs. It is important to acknowledge that, for this aspect, mouse models do not completely recapitulate the human disease, because in contrast with luminal-like cancers, basallike breast cancers are rarely reported to give bone metastasis in patients. 48 This inconsistency is further suggested by the observation that high Notch2 expression in human primary breast cancers was associated with improved overall survival both in oestrogen receptor-positive and -negative breast cancer patients. Therefore, more in-depth studies will be necessary to translate the results presented in this article to the human situation.
In conclusion, we suggest that dormancy and subsequent mobilisation could feature especially aggressive osteotropic breast cancers, representing, through drug resistance and quiescence, a drawback in the current therapy, which is unable to permanently eradicate dormant cells. What we could speculatively predict as future treatment developments is a targeted therapy to make cellular dormancy permanent, thus preventing mobilisation from the dormant niche and reactivation of a proliferative phenotype. Alternatively, we could wish for an innovative strategy that could mobilise and reactivate dormant cells, making them sensitive to chemotherapy. This would allow the elimination of the dormant cell reservoir with a "shock and kill" approach, like scientists are currently endeavouring to eradicate the HIV reservoir from latently infected CD4+T cells. 49 These strategies may represent a new frontier in medicine that in the future can save the lives of many breast cancer patients expected to experience relapse over a long time.
